Abstract A large plasma sheet 60 cm×60 cm×2 cm in size was generated using a hollow cathode, and measurements were conducted for interactions including transmission, reflection and absorption. With different discharge parameters, plasma sheets can vary and influence microwave strength. Microwave reflection decreases when the discharge current rises, and the opposite occurs in transmission. The C-band microwave is absorbed when it is propagated through large plasma sheets at higher pressure. When plasma density and collision frequency are fitted with incident microwave frequency, a large amount of microwave energy is consumed. Reflection, transmission and absorption all exist simultaneously. Plasma sheets are an attractive alternative to microwave steering at low pressure, and the microwave reflection used in receiving radar can be altered by changing the discharge parameters.
Introduction
Large, dense plasma sheets with a high enough electron density could be used as metal sheets for microwave reflection [1, 2] . Manheimer suggested that this advantage means they could be used for plasma mirrors and may replace the metal mirrors in radar systems. Much work has been conducted to generate dense plasma sheets. When a microwave is emitted towards plasma, there are three basic interactions: reflection, transmission and absorption. The work that has been conducted basically focuses on plasmas with pressure lower than 300 mT, which means a low loss of microwave strength [3] . Plasma density should usually be higher than the critical density for full reflection when the pressure is higher. To reflect a 10 GHz X-band microwave, the plasma density should reach 1.2 × 10 12 cm −3 , according to critical frequency [4] :
where n e is the electron density per cm 3 , f is the critical reflective microwave frequency in GHz, and θ is the microwave incident angle. To reflect a normal incident Cband microwave like 6 GHz, the electron density should reach 4.3×10 11 cm −3 . We conducted experiments to illustrate microwave reflection at different pressures, and calculated the relation between the incident microwave pressure in the vacuum and the electron density in the plasma sheet, which is important for practical applications. The pressure in the chamber considered as the collision frequency is important for transmission cut-off. On the other hand, the microwave absorption effect in the plasma sheet can be used to attenuate the reflection microwave precisely. When we have collected these results, we will be able to make the microwave signal reflect from the plasma sheet with certain reflection and absorption rates by properly setting the discharge parameters of the plasma generation apparatus.
Apparatus and methods
The basic apparatus and measuring system for large area plasma generation is illustrated in Fig. 1 . Previous experiments have been performed in similar devices [2∼7] . The plasma mirror was 60 cm×60 cm×2 cm, the working gas was helium, the hollow cathode was made of brass, and the high-voltage supply was pulsed at a frequency of 100 Hz and duration of 100 µs in our experiments. When the discharge current reached several kilovolts, a large plasma sheet was formed with enhanced discharge mode [8] within 10 µs.
The large plasma sheet we generated with a hollow cathode was smooth, and the density of the plasma sheet varied with discharge current, as shown in Fig. 2 . The density could reach 4.3 × 10 11 cm −3 when the discharge current reached 4 A. Fig.1 The basic apparatus and measuring system for large area plasma planar generation Fig.2 The two-dimensional density distribution of a plasma sheet with a 1 A discharge current and 160 Pa pressure As Fig. 2 shows, the density remains even horizontally and increases vertically, which agrees with hollow cathode discharge theory [10] . The electron density could reach 9×10 11 cm −3 , which is sufficient for C-band microwave reflection at low pressure.
The microwave incident angle was 45
• and the reflection receiver was in a symmetrical position, as illustrated in Fig. 3 . The reflection microwave receiver was located 4 m away from the plasma sheet, while the emitter was located 90 cm from the planar plasma. According to the work of MATHEW et al. [4] , the locations were close to those given in far field theory. The reflection rate, σ r , is given by
here, V rp is the microwave strength reflected from the plasma sheet and V rm is the microwave signal reflected from the same size metal sheet. The transmission microwave was received on the opposite side of the plasma sheet by another receiver antenna. The transmission rate, σ t , is calculated by
here, V tp is the microwave strength transmitted through the plasma sheet and V t is the microwave strength transported to the receiver without a plasma planar between them. During the reflection and transmission tests, antennas were located at the same positions. Fig.3 The apparatus used for the microwave reflection and transmission test. There are three antennas, one for sending and two for receiving
Results and discussion
Experiments were conducted for the microwave reflection from the plasma sheet and compared with that from the metal sheet [3, 11] . The reflection rate increases when the discharge current rises, as shown in Fig. 4 Fig .4 The reflection rates of microwaves with frequencies from 5.5 GHz to 8 GHz. The reflection rate increases with increasing discharge current. The pressure during the experiment was kept at 160 Pa
In Fig. 4 , it is shown that the reflection rate rises as the plasma sheet becomes more dense, and approaches 1 at higher currents. When electron density becomes greater than the critical density for each microwave frequency, the reflection rate can reach and remain at 100%. The reflection rates are different for different microwave frequencies, and it is noted that the reflection rate decreases when the microwave frequency rises at the same discharge current.
The collision rate is considered as an important factor for the interaction of microwaves and plasma sheets. We also conducted experiments on the reflection rate of C-band microwaves at different pressures, as shown in Fig. 5 . As can be seen in Fig. 5 , as the pressure in the chamber rises, the reflection rate decreases. Higher pressures increase the collision frequency, and a higher collision frequency leads to higher energy loss when the incident microwave is transmitted through the plasma sheet. The collision of electrons with neutral particles is given by [3] 
in which σ en is the collision cross section of electrons and neutral particles, n n is the density of the neutral particles, k B is the Boltzman constant, T e is the electron temperature and m e is the electron mass. The collision frequencies are 1.2 GHz, 1.8 GHz and 2.4 GHz when the pressures are 200 Pa, 300 Pa and 400 Pa with an electron temperature of 1 eV [2] . It is noted that when the collision frequency rises, the reflection rate decreases.
Meanwhile, the transmission rate is also collected for the C-band microwave as shown in Fig. 6 .
When the electron density of the plasma sheet gets higher, the transmission rate decreases until there is no transmitted signal. LARIGALDIE and CAILLAULT's work [3] on microwave transmission with a plasma sheet generated by a hollow cathode fits our results. We calculated the absorption rate given by
where σ a , σ t and σ r are the absorption, transmission and reflection rates, respectively. The results are shown in Fig. 7 . In Fig. 8 , we altered the discharge current and pressure in the vacuum, and the absorption rate changes accordingly. At certain pressures (for example 400 Pa), as the discharge current increases, the absorption rate also increases. And at certain pressures and discharge currents, as the microwave frequency increases, the absorption rate decreases. So the higher the pressure inside the vacuum, the higher the absorption rate. In Fig. 8 , this is much more evident.
We also calculated the absorption rate by setting the collision frequency, the pressure, the electron density and the microwave frequency.
We developed the absorption rate, σ a , from the dispersion relation:
where k I is the attenuation coefficient and ∆x is the transmission length. The parameter k I is calculated Fig.8 The absorption rate of microwaves with 5.5 GHz at 200∼400 Pa versus the discharge current from the dispersion relation and is described as
here, ω is the incident microwave frequency, ν e is the collision frequency and ω pe is the plasma frequency.
The most important factor that determines the absorption rate is the relationship between the incident microwave frequency, the plasma frequency and the collision frequency, given by ω 2 > ω . So we used simulation to calculate the absorption rate curve under our experimental conditions, as shown in Fig. 9 .
As for the absorption rate curve, the calculated and experimental results are similar, and both of them indicate that the plasma sheet could absorb microwaves and that the rate could reach and surpass 40% if the electron density and collision rates are more fitted with the incident microwave frequency.
Conclusions
We generated a large plasma sheet in size and collected the two-dimensional electron density distribution. The sheet is flat both horizontally and vertically. To gather the information regarding the interaction between the plasma sheet and the C-band microwave, we measured the transmission and reflection rates. From the results, we found that the plasma sheet can fully reflect microwaves when the plasma density is high enough. We also calculated the absorption rate based on our experimental conditions. For reflection, the plasma sheet needs to have a high enough electron density, which should be at least higher than the critical density. The absorption rate in both our experiments and the simulation reached 40% or more. The absorption rate becomes higher when the electron density and the collision frequency match the incident microwave frequency. The plasma sheet we generated can replace the metal sheet used in radar systems for microwave steering. Meanwhile, the plasma sheet with higher pressure can attenuate microwave reflection precisely by altering the discharge parameters.
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